Glycoside hydrolase family 31 (GH31) enzymes show both highly conserved folds and catalytic residues. Yet different members of GH31 show very different substrate specificities, and it is not obvious how these specificities arise from the protein sequences. The fungal α-xylosidase, AxlA, was originally isolated from a commercial enzyme mixture secreted by Aspergillus niger and was reported to have potential as a catalytic component in biomass deconstruction in the biofuel industry. We report here the crystal structure of AxlA in complex with its catalytic product, a hydrolyzed xyloglucan oligosaccharide. On the basis of our new structure, we provide the structural basis for AxlA's role in xyloglucan utilization and, more importantly, a new procedure to predict and differentiate C5 vs C6 sugar specific activities based on protein sequences of the functionally diverse GH31 family enzymes.
■ INTRODUCTION
The past two decades have witnessed a boost in lignocellulosebased bioenergy research led by US DOE Bioenergy Research Centers, which proposes to take advantage of the use of both renewable waste biomass (such as corn stover and paper waste) and energy crops grown on marginal lands (such as switchgrass). 1−3 These missions are aimed at cost-effective production of renewable bioenergy as a sustainable solution to the world's unmet energy needs rather than sole reliance on fossil fuels. These "green" efforts owe thanks to the rising awareness of the worldwide environmental impact of fossil fuels as well as economic concerns about energy security. In addition to the bioengineering of both plant feedstock and microbial workhorses, enzyme discovery for biomass deconstruction also remains a major research focus. 3, 4 Enzyme based biomass deconstruction represents a "green" approach to the alternative harsh chemical pretreatment of biomass as an initial step before conversion into renewable fuels, such as bioethanol and biodiesel, and other value-added products. 4−6 In the current study, we present a crystal structure of a recombinant Aspergillus niger α-xylosidase AxlA in complex with its catalytic product, a hydrolyzed xyloglucan oligosaccharide. AxlA was originally isolated from a commercial enzyme mixture secreted by Aspergillus niger. 7 AxlA can effectively release terminal xylose from xyloglucan, a major plant hemicellulose. 7, 8 It belongs to the GH31 family of glycoside hydrolases and catalyzes the hydrolysis of an α1,6linked xyloside via a two-step retaining mechanism (classification according to CAZy database, www.cazy.org). 9 Optimized ratios in the combinations of AxlA and several other glycosidases have led to significant improvements in yield and efficiency for the total deconstruction of xyloglucan to C6 and C5 fermentable sugars. 8 Either native or engineered microbial GH31 family enzymes have also proved useful for oligosaccharide synthesis due to their transglycosylation activity. 12, 13 Some newly characterized GH31 enzymes were shown to act on uncommon substrates like sulfoquinovosyl diacylglyceride sulfolipids as for E. coli YihQ 14 or produce cyclic oligosaccharides such as cycloalternan by Listeria monocytogenes Lmo2446. 15 The human genome also encodes multiple GH31 enzymes with varied physiological localizations and functions, such as lysosomal α-glucosidase A (Uniprot ID: P10253), α-glucosidase II (Q14697), intestinal maltase-glucoamylase (Q43451), intestinal sucrose-isomaltase (P14410), myogenesis-regulating glycosidase (Q6NSJ0), and neutral α-glucosidase C (Q8TET4) according to the CAZy database. 9 The α-xylosidase activity of AxlA confers great potential to green chemistry: it not only facilitates biomass deconstruction for renewable biofuel production 7,8 but also specifically releases D-xylose, a precursor for various bioactive compounds useful to humans. 10, 11 For example, xylose derived xylitol is used as a food additive for dental protection and as a lowcalorie sweetener. 10 C-xyloside (as opposed to O-glycoside) series skincare products developed by L'Oreal have shown protective properties for human skin. 11 In this work, we elucidate the structural determinants of α-xylosidase activity versus the activities of other GH31 family α-glucosidases. The mechanistic insights gained from the structure−function relationship could inspire design and make use of the multifaceted GH31 family enzymes in effective and ecofriendly bioconversion applications.
■ EXPERIMENTAL PROCEDURES
Materials and Reagents. Xyloglucan oligosaccharide, XFG heptasaccharide with purity >80%, was purchased from Elicityl (Crolles, France). XFG (see Abbreviations for nomenclature details) was chosen for subsequent crystal soaking experiments for the following reasons: First, it represents the complex sugar components of natural xyloglucan to help reveal different sugar binding sites in the XFG bound enzyme structure. Second, its relatively low degree of polymerization (DP7) may allow successful diffusion into the enzyme active site in the crystalline state to form a complex. D-xylose was purchased from Sigma (U.S.A.). Polyethylene glycol 20000 as a 30% (w/v) stock solution as well as crystallization screens Index HT, PEGRx HT, Crystal Screen HT, and SaltRx HT were obtained from Hampton Research (Aliso Viejo, CA, U.S.A.). Morpheus and MIDAS screens were from Molecular Dimensions (Altamonte Springs, FL, U.S.A.). All other chemicals and reagents used for crystal growth were purchased from Sigma (U.S.A.) or Fisher Scientific (U.S.A.) and were used without further purification.
Cloning, Expression, and Purification of AxlA. AxlA (Uniprot ID: G3XMN9) was expressed and purified according to previous procedures. 7, 8 Briefly, a cDNA corresponding to Aspni5|43342 (Department of Energy Joint Genome Institute numbering) was synthesized by GeneArt (Invitrogen, U.S.A.) with the addition of restriction sites for PmlI (5′ end) and XbaI (3′ end) and cloned into pPICZB (Invitrogen, U.S.A.). Transformed Pichia pastoris strain X-33 (Invitrogen, U.S.A.) was grown at 30°C for 4 days. AxlA expression was induced by adding 0.5% v/v methanol and 1% Casamino acids (Difco Laboratories, U.S.A.) every 24 h starting at time zero, the latter of which enhanced yield and stability of AxlA. Secretion was driven by the native signal peptide of AxlA. The secreted AxlA was then concentrated, desalted, and purified by cation exchange HPLC chromatography (TSK-Gel SP-5PW, Tosoh Bioscience, U.S.A.).
Bioinformatics Analysis. The SignalP 4.0 server 16 was used to predict the potential N-terminal native signal peptide MYFSS-FLALGALVQAAAA of AxlA to be cleaved upon secretion by P. pastoris. The cleaved protein contains an N-terminal Thr residue and total of 718 residues with a molecular weight of around 80.8 kDa (not considering glycosylation). NetNGlyc 1.0 Server 17 was used to predict nine potential N-glycosylation sites on Asn residues at positions 6, 261, 314, 358, 369, 453, 637, 658, and 683 (here, residues were numbered for the mature protein without the signal peptide). Protein interfaces and quaternary assemblies in the structures were analyzed by PDBePISA 18 and EPPIC. 19 Protein sequence alignment and phylogenetic analysis were performed by NCBI COBALT server 20 using default parameter settings.
Crystallization, Diffraction Data Collection, and Structure
Determination. Because proteins expressed in P. pastoris can possess excessive N-glycosylation with high-mannose saccharides, 7, 21 we first treated AxlA with various glycosidases prior to crystallization trials. These included Endo H (500000 units/ml), peptide N-glycosidase F (500000 units/ml), and α1−2,3 mannosidase (32000 units/ml), all from New England Biolabs, Ipswich, MA, U.S.A. with manufacture listed specific activity in parentheses. Deglycosylation reactions contained 10 volumes of AxlA, 1 volume of glycosidases, and 1 volume of 10X reaction buffer provided by the manufacturer. The reactions were incubated at room temperature (22 ± 2°C) for 24−48 h. Initial crystallization trials were set up by a Mosquito Crystal nanoliter dispenser robot (TTP Labtech, Melbourn, UK) on MRC 2 Well crystallization plates (Hampton Research; Aliso Viejo, CA, U.S.A.) using sitting drop vapor diffusion method testing against all 6 commercial high-throughput screens listed in the Materials and Reagents section each with 96 conditions. Briefly, 200 nl of reservoir solution was laid on top of 200 nL of AxlA stock solution (15 mg mL −1 supplemented with 10 mM D-xylose) and the mixture was equilibrated against the reservoir solution at 20°C. Neither the native nor the treated AxlA crystallized under these conditions. However, Endo H pretreatment led to precipitation in the crystallization experiments and in the protein stock solution indicating decreased solubility due to potential deglycosylation of AxlA. 29 Subsequent optimization of the Endo H pretreatment at various pH and temperature values was performed for crystallization trials. In particular, Endo H pretreatment at 50 mM in Tris pH 7 and 4°C overnight did not show precipitation of protein stock solution and led to initial crystal hit in the PEGRx HT screen at the H9 condition (5% v/v 2-propanol, 0.1 M citric acid pH 3.5, 6% w/v polyethylene glycol 20000). The crystal appeared as near cubic shape with the longest dimension of ∼70 μm after growing for 2 days. Further optimization of crystallization conditions was performed at varied pH and precipitant concentrations. Prior to harvesting, a subset of crystals was soaked with xyloglucan oligosaccharide XFG for 1−5 min. Crystals were either directly flash-frozen in liquid nitrogen or cryoprotected by transferring into MiTeGen's LV CryoOil (MiTeGen, Ithaca, NY) before being frozen.
The best diffracting crystal showed diffraction to 2.7 Å resolution and was collected at the Argonne National Laboratory on the LS-CAT 21-ID-G beamline from a single crystal (grown at the modified condition 2% v/v 2-propanol, 0.1 M citric acid pH 3.5, 3% w/v polyethylene glycol 20000, soaked with xyloglucan derived oligosaccharide XFG for 2 min, cryoprotected with oil) using a Xray wavelength of 0.97856 Å. The data were indexed, integrated, and scaled using XDS. 22 The initial phase problem was solved by molecular replacement using AutoMR (Phaser) 23 using Cellvibrio japonicus GH31 α-glucosidase as the search model (PDB code 4B9Y). 12 Autobuild programs of the PHENIX suite 24 were used to partially complete the polypeptide coordinates without including ligands or water. Two copies of the protein were found in the asymmetric unit displaying an overall noncrystallographic pseudo-C2 symmetry. The phases were improved, and the structure was completed with alternating rounds of manual model building with COOT 25 and refinement with PHENIX using default noncrystallographic symmetry restraints. Water molecules were added and updated during refinement. For relatively poor electron density regions, the loops were built based on traceable albeit weak backbone electron density and by relying on favorable side-chain rotamers and favorable geometry statistics after real-space refinement in COOT. 25 N-Glycosylation GlcNAc and mannose residues as well as solvent molecules were also built in based on clear residual electron density in the 2mFo−dFc omit maps. Prior to final rounds of refinement, enzyme ligands were built into the structure based on clear difference density, revealing the hydrolysis product of an XFG molecule at each active site of the dimer and also one putative xyloglucan oligosaccharide fragment per asymmetric unit sandwiched between two aromatic residues mediating a crystallographic contact.
The final structures were refined to the same resolution limit as in data collection with favorable R cryst and R free values (Table 1 ). Model quality was assessed using MolProbity. 26 All structures in the figures were rendered using PyMOL. 27 All the information on data collection and refinement statistics is summarized in Table 1 , which includes the CC 1/2 value 28 as the resolution cutoff criteria. The final coordinate and structure factors were deposited in the Protein Data Bank (PDB) under the assess code 6DRU and held pending the completion of the CASP13 competition. 35 
■ RESULTS AND DISCUSSION
The overall structure of the Aspergillus niger Ax1A is similar to those of the other GH31 family hydrolases, a core (β/α) 8 barrel with additional components, including two β-sandwich domains and some residual glycosylation. Additional details regarding the mechanism of action and the specificity of this enzyme are revealed by the presence of a hydrolyzed oligosaccharide in the active site of the enzyme.
Oligomeric State of AxlA. AxlA comprises two chains in the asymmetric unit of the unit cell of the crystal with pseudo-C2 noncrystallographic symmetry ( Figure 1A) . This 2-fold interaction was predicted to be stable by the PDBePISA server 18 based on calculations of interface area of ∼2358 Å 2 per dimer ( Figure 1B) and a positive dissociation free energy of 21.1 kcal/mol. EPPIC 19 is a biological assembly analysis program recommended by PDB to distinguish biological interfaces from artificial crystal contacts. It enumerates all possible symmetric assemblies with a prediction of the most likely assembly based on probabilistic scores from pairwise evolutionary scoring (sequence entropy signals). 19 The EPPIC server 19 predicted AxlA to be a homotetramer with 0.99 probability based on four additional interfaces between crystallographic symmetry-related dimers of either ∼1255 ( Figure 1C ) or ∼1082 Å 2 ( Figure 1D ) forming a total interfacial area of ∼9390 Å 2 in the tetrameric assembly. Thus, we conclude that the physiological state of Ax1A is most likely a tetramer based on both bioinformatic analysis and physical analysis of favorable interfacial interactions.
Post-Translational modifications of AxlA. Seven out of the nine N-glycosylation sites of AxlA as predicted by the NetNGlyc 1.0 Server 17 displayed glycosylation in the structure ( Figure 1A) . These include asparagine amino acids at positions 6, 261, 314, 358, 453, 637, and 683 but not 369 and 658 (residue numbers are based on the secreted form of AxlA with the N-terminal signal peptide sequence removed). The Nglycans on Asn358 and 637 both retained a chitobiose core and high mannose type substitutions, possibly protected from Endo H due to limited solvent exposure. At residues 6, 314, 453, and 683, only one GlcNAc is present, indicating a result of successful deglycosylation by Endo H treatment prior to setup of crystallization. Asn261 shows high mannose glycan in one chain but not the other, which possesses only a GlcNAc. The N-linked glycan on Asn637 contains a complex branched structure of GlcNAcβ1-4GlcNAcβ1-4[Manα1-3(Manα1-2Manα1-6)Manα1-6]Manα1-3Manα1-2Manα1-2Man ( Figure  2A ). We have previously reported a similar effect of Endo H treatment on a glycosylated GH29 family α-fucosidase secreted by the same Pichia eukaryotic expression system. 29 Asn369 is not glycosylated and is relatively more buried with its sidechain amide group forming favorable interactions with two nearby main-chain amide groups. This is consistent with a warning by the NetNGlyc 1.0 server 17 on the accuracy of the prediction of Asn369 glycosylation because of a preceding Pro residue in the sequence. There is very little electron density in our experimental maps to convincingly suggest N-glycosylation on Asn658 despite bioinformatics predictions.
It should be noticed that the partially deglycosylated recombinant AxlA in the crystal structure has an average molecular weight per monomer (∼85.4 kDa considering both protein and N-glycan contents) very similar to that reported for its native form from A. niger (∼85 kDa). 7 This suggests that the crystallographically observed N-glycan modifications and tetrameric assembly of AxlA may also be preserved in the native form. However, in the absence of deglycosylation treatment, recombinant AxlA heterologously expressed in P. pastoris was reported to have a much higher average molecular weight per monomer (∼110 kDa) than the native form from A. niger despite their very similar kinetic properties in catalyzing the hydrolysis of small α-xyloside substrates. 7 This suggests a much higher extent of glycosylation of AxlA expressed in P. pastoris than its native host A. niger. While the function of glycans are not known, several scenarios are possible such as the enhancment of solubility or stability of the protein. A support of solubility function comes from the observation of decreased solubility of the AxlA protein upon deglycosylation treatment as described in the Experimental Procedures section. One argument in support of stability function is that the Asn637 linked glycan locates at the dimer interface and possibly stabilizes dimerization via hydrogen-bonding and van der Waals interactions because of its proximity and its shape complementarity between the glycan and the dimer crevice ( Figure 2B ). This observation suggests that glycan modifications can be a useful strategy for protein design and engineering. 21 Structure Determinants of Substrate Specificity. We observed a reaction product at the active sites of both AxlA subunits in the crystal asymmetric unit from the hydrolysis of an added xyloglucan oligosaccharide substrate XFG ( Figure  3A−C) . In particular, the α1−6 glycosyl bond between the terminal xylose at −1 site and glucose at +1 site is cleaved to yield a free D-xylose. We were able to trace the experimental electron density for all the sugar residues of the XFG except for the +2 site branched fucose (Fuc) residue ( Figure 3A −C) possibly due to disorder of the fucose in exposure to the bulk solvent. AxlA forms multiple polar and van der Waals interactions with the reaction product. All the hydroxyl groups of −1 site xylose and nearly all for the +1 site glucose interact with one or more hydrogen-bonding partners from the protein active site ( Figure 3A) . The protein−ligand interactions at +2 site, + 3 site and +2 branch sites appear to be dominated by van der Waals interactions and shape complementarity. The current product bound complex supports the specific role of Representative N-glycan structure as seen on Asn637 of AxlA. (A) Unbiased 2mFo-dFc omit electron density map contoured at the 1.5 σ level (blue meshes) around the sugars and Asn637 (sticks, carbon in white, oxygen in red, and nitrogen in blue). (B) The shape complementarity and polar interactions between the N-glycan and the interfacial pocket between adjacent subunits of the dimer in the same asymmetric unit. The two subunits surfaces are in cyan and pink, respectively. The N-glycan are shown as both sticks and dotted vander Waals spheres by PyMOL. 27 The hydrogen-bonding interactions (yellow dashes) and corresponding distances (in Å unit) between the N-glycan on one subunit and the protein residues on the adjacent subunit are labeled.
AxlA in xyloglucan biomass deconstruction 7, 8 and provides a structural basis for further optimization of its enzyme activity in the renewable biofuel industry.
The conserved nucleophile Asp395 (D395) and general acid Asp487 (D487) residues are located at the opposite sides of the catalytic labile C1 position of xylose. The averaged distances between the carboxylic oxygen atoms of D395 and D487 are 6.38 and 6.55 Å for each active site of the dimer, respectively. These values are consistent with a retaining catalytic mechanism involving double displacement steps ( Figure 3D ), as seen in other GH31 enzymes. 9, 30, 31 GH31 family α-glycosidases comprise a variety of enzyme activities with highly conserved catalytic residues conferring catalytic activity in the structurally conserved core (β/α) 8barrel domain. In addition, the sequence identity ranges from 21%−33% between AxlA and other GH31 members (αxylosidases, a majority of α-glucosidases, α-quinovosidases, and α-galactosidases, etc.) with no clear identity cutoff value to specify a particular type of substrate specificity. Thus, the overall protein structure and pairwise sequence identity are relatively poor predictors of α-xylosidase activity. However, we differentiated α-xylosidases from other GH31 enzymes based on sequence phylogenetic analysis of all the structurally characterized GH31 enzymes in the CAZy 9 databases ( Figure  4A ). The only exception is an E. coli α-xylosidase (PDB code 2F2H) that appears to be clustered with the α-glucosidases, αglucosyltransferase, and α-quinovosidase GH31 family members.
We further identify a key molecular determinant of substrate specificity at the −1 site corresponding to Tyr286 of AxlA (PDB code 6DRU) despite the poor sequence conservation at this position among GH31 family enzymes. Almost all the structurally available GH31 α-xylosidases possess a bulky aromatic residue at the spatially equivalent position to Tyr286 again except for the E. coli α-xylosidase with Cys307 (PDB code 2F2H) compared to relatively smaller residues at this site in α-glucosidase, α-quinovosidase, and α-galactosidase ( Figure  4B ). These bulky aromatic side chains necessarily form steric clash with C6 hydroxyl groups of glucose, galactose and the C6 sulfo group of sulfoquinovose but not xylose. This is because xylose is a "C5 sugar" which lacks C6 and hence the corresponding O6/S6 groups that are present in the "C6 sugars". In addition, the exact spatial orientation and proximity of the side chain to −1 site sugar also appear to play a role in the discrimination of substrates. For example, the relatively large sulfur atom of Cys307 is located closer to the O6 equiv position at the −1 site to cause potential steric clash, although perhaps to a lesser extent. Consistent with this molecular basis, the E. coli α-xylosidase (PDB code 2F2H) was reported to show minimal but not completely abolished α-glucosidase . XFG is named according to an existing nomenclature for xyloglucan-derived oligosaccharide (see Abbreviations). 34 (D) Proposed twostep double displacement catalytic mechanism of AxlA leads to conformational retention at the catalytic labile C1 position between the substrate and product. activity compared to its much higher α-xylosidase activity. 31 Interestingly, among the limited number of structurally characterized GH31 enzymes, both Bacteroides ovatus and Cellvibrio japonicus GH31 α-xylosidases (PDB codes 5JOU and 2XVK) were also reported to act on xyloglucan derived substrates. 32, 33 The functional diversity of the GH31 enzymes suggests evolutionary robustness of their conserved fold to be tailored for different carbohydrate chemistry to gain specific fitness advantages.
■ CONCLUSIONS
In summary, we determined the structure of a GH31 family αxylosidase AxlA from an industrially relevant fungus, Aspergillus niger, in a form with its bound catalytic product. Both the active site shape complementarity and polar interactions with the ligand support the role of AxlA in xyloglucan utilization with application potential in the renewable biofuel industry. We identified useful functional predictors on the basis of phylogenetic and active site residue analyses, and also suggested that the overall protein fold and pairwise sequence identity are poor functional predictors of substrate specificity of GH31 family enzymes. Figure 4 . A procedure to determine substrate specificities of GH31 family glycosidases. (A) Protein sequence based phylogenetic analysis allows clustering of specific carbohydrate hydrolytic activities among structurally characterized and functionally annotated GH31 family members in CAZy database. 9 This can serve as a basis for the prediction of functionally unknown GH31 family sequences. (B) The simplified view of active site structures aligned based on highly conserved residues (nucleophile Asp395, general acid Asp487 and Arg470 in AxlA). The carbon atoms of aligned structures are individually color coded. Tyr286 of AxlA and spatially equivalent residues in homologues are shown as sticks with their corresponding PDB codes and substrate specificities indicated. The steric clash between bulky aromatic residues at Tyr286 equiv positions of αxylosidases (shown as thicker sticks) and the O6/S6 containing substrates from the aligned α-glucosidase, α-glucosyltransferase, and αquinovosidases (shown as thinner sticks in magenta, orange, and pink) is indicated by a red dashed circle.
